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(54) BRAKING CONTROL DEVICE

(57) A braking control device of a vehicle (1) in which
a braking force generator (2) is connected to a differential
mechanism (4) to which a plurality of wheels is connect-
ed, and a friction brake is provided for each of the wheels
includes a controller (13, 14) configured to control braking
forces of the braking force generator (2) and the friction
brake. The controller (13, 14) is configured to: detect the
wheel having a tendency of locking in which a slip ratio
is larger than a predetermined determination value in a
state where the braking force is transmitted to each of
the wheels from the braking force generator (2) via the
differential mechanism (4); and reduce the tendency of
locking by changing the braking force of the friction brake
that is provided for the other wheel connected to the dif-
ferential mechanism (4).
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a braking con-
trol device that controls a braking force or a braking de-
vice that decelerates a vehicle, and in particular, relates
to a braking control device that controls a braking force
of wheels that are connected to each other via a differ-
ential mechanism.

2. Description of Related Art

[0002] A driving force source such as an engine mount-
ed on a vehicle outputs torque by power conversion, and
also generates negative torque that accompanies con-
version of an external force into a pressure, a heat, and/or
an electric power, when the driving force source is rotated
by the external force. The state where the vehicle is
braked using the negative torque is an engine brake
(power source brake) state or a regenerative brake state.
A hybrid vehicle includes an internal combustion engine
such as a gasoline engine and a motor with a power
generating function (motor-generator) as a driving force
source that can function as described above. Therefore,
in the hybrid vehicle, the internal combustion engine and
the motor can be used for braking the vehicle. In that
case, responsiveness of torque control of the motor is
superior to that of the internal combustion engine. There-
fore, it is advantageous to control the braking force by
controlling regenerative torque of the motor.
[0003] Japanese Unexamined Patent Application Pub-
lication No. 2014-079099 (JP 2014-079099 A) describes
a braking device that concurrently uses a regenerative
brake and a friction brake. The regenerative brake uses,
as the braking force, regenerative torque resulted from
power generation of the motor. The friction brake is pro-
vided for each wheel. The braking device described in
JP 2014-079099 A is a device that is applied to a vehicle
in which the motor and a friction-type brake device are
provided for each wheel. When a braking request is made
by depressing a brake pedal or returning an accelerator
pedal from the depressed state, the device above calcu-
lates a brake command value based on the braking re-
quest and controls a regenerative braking force by the
motor and a friction braking force by the brake device
based on the calculated braking command value. As de-
scribed above, the braking device detects a slip ratio
when the braking force is applied to the wheel and de-
termines a tendency of locking of the wheel based on the
slip ratio. The braking device then controls the regener-
ative braking force to be applied to the wheel having the
tendency of locking to be a braking force that is smaller
than the braking force determined based on the braking
command value and that does not lock the wheel. There-
fore, in the invention described in JP 2014-079099 A,

because a control responsiveness of the regenerative
braking force is high, it is possible to preferably avoid or
suppress the tendency of locking of the wheel.

SUMMARY OF THE INVENTION

[0004] The slip ratio and the tendency of locking of the
vehicle wheels change time to time depending on the
condition of a road surface on which the vehicle is
traveling. Therefore, when the tendency of locking of the
wheel is determined, the braking device described in JP
2014-079099 A controls, of the regenerative braking
force and the friction braking force that act on the wheel,
the regenerative braking force having high control re-
sponsiveness to avoid or suppress the wheel to have the
tendency of locking. The braking force can be maintained
by changing the regenerative braking force above be-
cause the braking force to be applied to other wheels
does not change even when the regenerative braking
force to be applied to a certain wheel is changed. This is
as described in JP 2014-079099 A. In a vehicle in which
the motor is connected to the right and left wheels via
the differential mechanism, the driving force or the brak-
ing force generated by the motor is split and distributed
to the right and left wheels by the differential mechanism.
Therefore, when the braking force or the slip ratio of one
of the right and left wheels is changed, the braking force
or the slip ratio of the other wheel is also changed in
accordance with the change. Therefore, the braking de-
vice described in JP 2014-079099 A cannot be used for
a vehicle configured such that regenerative braking is
performed via the differential mechanism. In other words,
for a vehicle in which the regenerative torque is transmit-
ted to the right and left wheels via the differential mech-
anism and the wheels are braked by both of regenerative
braking and frictional braking, there is a need for devel-
oping a new technology that is not included in the related
art to control the slip ratio or the tendency of locking of
the wheel using the regenerative braking force.
[0005] The present invention provides a braking device
that, for a vehicle in which a braking force generator that
generates negative torque for braking is connected to at
least two wheels via the differential mechanism, brakes
the wheels using the negative torque generated by the
braking force generator and can preferably control the
slip ratio of the wheels while changing the negative
torque, which can achieve reduction of a braking dis-
tance.
[0006] An aspect of the present invention provides a
braking control device of a vehicle in which a braking
force generator that generates a braking force that acts
in a direction to reduce a rotation of a plurality of wheels
is connected to a differential mechanism to which the
plurality of wheels is connected, and a friction brake that
generates a braking force that acts in a direction to stop
the rotation of the wheels through friction is provided for
each of the wheels. The braking control device includes
a controller configured to control the braking force that
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is generated by the braking force generator and the brak-
ing force that is generated by the friction brake. The con-
troller is configured to detect the wheel having a tendency
of locking in which a slip ratio is larger than a predeter-
mined determination value in a state where the braking
force is transmitted to each of the wheels from the braking
force generator via the differential mechanism, and re-
duce the tendency of locking by changing the braking
force of the friction brake that is provided for the other
wheel connected to the differential mechanism to which
the wheel having the tendency of locking is connected.
[0007] In the aspect above, the controller may be con-
figured to obtain a target wheel rotational speed of the
other wheel, and control the braking force applied to the
other wheel by the friction brake that is provided for the
other wheel such that a rotational speed of the other
wheel matches the target wheel rotational speed.
[0008] In the aspect above, when the vehicle is making
a turn, the target wheel rotational speed may be a rota-
tional speed including a value that is a half of a right and
left wheel speed difference obtained based on a steering
angle and a vehicle speed of the vehicle.
[0009] In the aspect above, the target wheel rotational
speed of the other wheel may be a rotational speed at
which the slip ratio of the other wheel takes a value within
a predetermined range
[0010] In the aspect above, the braking force generator
may be an energy regenerator that generates negative
torque by regenerating an energy as the braking force
[0011] In the aspect above, the controller may be con-
figured to obtain, when a deceleration request is made,
a base friction braking force that is required to be gener-
ated by the friction brake by subtracting a predetermined
base braking force to be generated by the braking force
generator from a required deceleration of the decelera-
tion request, obtain a target rotational speed of the brak-
ing force generator that corresponds to a target wheel
speed during braking based on the deceleration request,
and correct the base braking force such that a rotational
speed of the braking force generator matches the target
rotational speed
[0012] In the aspect above, the controller may be con-
figured to control, when a wheel speed of one of the
wheels connected to the differential mechanism increas-
es in excess by a predetermined value or more from a
wheel speed that corresponds to a target wheel rotational
speed in accordance with the correction of the base brak-
ing force, the braking force of the friction brake that is
provided for the one of the wheels such that the wheel
speed of the one of the wheels matches a wheel speed
that corresponds to the target wheel rotational speed.
[0013] According to the above aspect, when a braking
request is made, the braking force generator that is con-
nected to the wheels via the differential mechanism gen-
erates the braking force, or in addition to this, the friction
brake that is provided for each wheel generates the brak-
ing force. The braking force as the entire vehicle in the
case above is controlled by changing the braking force

generated by the braking force generator in accordance
with the rotational speed and the slip ratio of the wheels.
When the rotational speed (wheel speed) of any one of
the wheels decreases due to a decrease of the friction
coefficient of the road surface, that is, when the wheel
has the tendency of locking, the braking force generated
by the braking force generator mechanism does not act
on the other wheel that is connected to the differential
mechanism to which the wheel having the tendency of
locking is connected due to the differential action of the
differential mechanism. When the tendency of locking is
detected, the braking force of the friction brake provided
for the other wheel is changed (more specifically, the
braking force is increased). As a result, the braking force
that is generated by the braking force generator and acts
on the wheel having the slip ratio that increases, which
reduces or eliminates the tendency of locking. The brak-
ing force by the friction brake may be controlled such that
the rotational speed of the other wheel matches the target
wheel rotational speed. That is, when any of the wheels
has the tendency of locking, the braking control device
of the present invention applies braking to the wheel other
than the wheel having the tendency of locking using the
frictional brake. As a result, a state similar to the state
where differential limitation is imposed on the differential
mechanism arises and the braking force that is generated
by the braking force generator and is applied to the wheel
of which tendency of locking is determined is reduced,
which increases the rotational speed of the wheel. That
is, the tendency of locking is corrected. In addition, the
entire braking force of the other wheel increases, the ro-
tational speed of the other wheel is controlled to match
the target wheel rotational speed, and the friction coeffi-
cient of the other wheel approaches the maximum value.
As a result, the wheel speed or the slip ratio of each wheel
connected to the differential mechanism is controlled
such that the friction coefficient increases. Therefore, the
braking performance of the entire vehicle is improved. In
other words, the braking distance can be shortened.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Features, advantages, and technical and indus-
trial significance of exemplary embodiments of the inven-
tion will be described below with reference to the accom-
panying drawings, in which like signs denote like ele-
ments, and wherein:

FIG. 1 is a diagram schematically showing a vehicle
to which a braking control device of the present in-
vention can be applied;
FIG. 2 is a line diagram showing a relationship be-
tween a slip ratio and a friction coefficient;
FIG. 3 schematically shows a relationship between
a mechanical (friction) braking by friction brakes and
regenerative braking;
FIG. 4 is a flowchart for illustrating an example of a
control executed in an embodiment of the present
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invention;
FIG. 5 is a diagram schematically showing a regen-
erative torque transmission state and a braking state
by the friction brakes when braking is performed in
a state where right and left wheel fiction coefficients
are different from each other;
FIG. 6 is a line diagram showing an example of
changes in a motor rotational speed, a wheel speed,
a vehicle body speed, braking torque, brake torque
by the friction brakes, and a moving distance (brak-
ing distance) from the start of braking to stop of a
vehicle when braking is performed on a so-called
low friction coefficient road on which the right and
left wheel friction coefficients are the same;
FIG. 7 is a line diagram showing an example of
changes in the motor rotational speed, the wheel
speed, the vehicle body speed, the braking torque,
the brake torque by the friction brakes, and the mov-
ing distance (braking distance) from the start of brak-
ing to the stop of the vehicle when braking is per-
formed in a state where the left wheel runs on an
iced road and the right wheel runs on a compacted
snow road (comparative example); and
FIG. 8 is a line diagram showing an example of
changes in the motor rotational speed, the wheel
speed, the vehicle body speed, the braking torque,
the brake torque by the friction brakes, and the mov-
ing distance (braking distance) from the start of brak-
ing to the stop of the vehicle when a control according
to the present invention is executed during braking
in the state where the left wheel runs on the iced
road and the right wheel runs on the compacted snow
road.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] A vehicle according to an embodiment of the
present invention can recover (regenerate) a kinetic en-
ergy by converting the kinetic energy into an electric pow-
er, etc., and can cause torque when regenerating the
energy to act on wheels as a braking force. In particular,
in the vehicle, a motor or a motor-generator (hereinafter
collectively referred to as a "motor") is connected to a
differential gear (differential mechanism), and right and
left wheels are connected to the differential gear. Further,
each wheel may be provided with a brake mechanism,
such as a friction brake mechanism, that performs brak-
ing different from regenerative braking, and may be con-
figured to perform braking of the vehicle using both of
regenerative braking and friction braking.
[0016] FIG. 1 schematically shows a vehicle of this
type. A vehicle 1 shown in FIG. 1 is an electric vehicle
that uses a motor (MG) 2 as a driving force source. The
motor 2 is, for example, a permanent magnet type syn-
chronous motor. The motor 2 is configured to generate
driving torque when electric power is supplied to the mo-
tor 2, and generate electric power as the motor 2 is for-
cibly rotated by a traveling inertia force of the vehicle 1,

for example. Negative torque resulted from the power
generation above is a braking force (braking torque) of
the vehicle 1.
[0017] The motor 2 is connected to a power supply
device 3. The power supply device 3 includes a power
storage device that supplies electric power to the motor
2 and stores the electric power generated by the motor
2, and an inverter that converts voltage or frequency, etc.
[0018] An output shaft (rotor shaft) of the motor 2 is
connected to a differential gear (differential mechanism)
4 that is a final reduction gear. Right and left paired
wheels (drive wheels) 5r, 51 are connected to the differ-
ential gear 4, and the differential gear 4 absorbs a differ-
ence in rotational speeds of the right and left wheels 5r,
51. In the example shown in FIG. 1, the right and left
wheels 5r, 51 are rear wheels. Right and left front wheels
6r, 61 are steering wheels, and a steering mechanism 7
is connected thereto. Therefore, the motor 2 corresponds
to a braking force generator or an energy regenerator in
the embodiment of the present invention.
[0019] Brakes 8r, 81, 9r, 91 are provided on the front
and rear wheels 5r, 51, 6r, 61, respectively. The brakes
8r to 91 are the same as the brake mechanism of the
related art, and are friction brakes such as disc brakes,
drum brakes, and powder brakes. The brakes 8r to 91
are configured to generate a braking force that acts in a
direction to stop rotations of the wheels 5r to 61 by gen-
erating a friction force using a hydraulic pressure and an
electromagnetic force. The brakes 8r to 91 correspond
to friction brakes in the embodiment of the present inven-
tion. In addition, the front and rear wheels 5r to 61 are
provided with sensors 10r, 101, 11r, 111, respectively,
for detecting rotational speeds (wheel speeds) of the re-
spective wheels.
[0020] The vehicle 1 includes a pedal 12 for performing
acceleration and deceleration operations. The pedal 12
may consist of two pedals, namely an accelerator pedal
and a brake pedal. However, in the example shown in
FIG. 1, the pedal 12 is a so-called one-pedal type accel-
eration and deceleration device that is configured to per-
form acceleration and braking by the accelerator pedal.
This type of one-pedal type acceleration and deceleration
device may be a device having a configuration similar to
that of the device of the related art. The acceleration and
deceleration device is configured to, while the vehicle is
traveling, calculate a reference depression angle based
on a vehicle speed and a depression angle or a duration
of a predetermined depression angle, and determine that
an acceleration request is made based on the calculated
angle when the pedal 12 is depressed and control accel-
eration or a driving force, and on the contrary, determine
that a deceleration request is made when the pedal 12
returns from the depression angle above and control the
braking force.
[0021] An electronic control unit (MG-ECU) 13 that
controls the braking force and a regenerative braking
force (regenerative brake) by the motor 2 above is pro-
vided. The MG-ECU 13 is configured of a microcomputer
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as a main unit. The MG-ECU 13 is configured to perform
computing in accordance with input data and data and a
program that are stored in advance, and output the com-
puting result (e.g. torque) to the power supply device 3
as a control command signal. The data (detection signal)
input to the MG-ECU 13 includes the depression angle
(accelerator pedal operation amount) of the pedal 12 de-
scribed above and a rotational speed detected by a ro-
tational speed sensor (e.g. resolver (not illustrated)) pro-
vided for the motor 2, etc.
[0022] Further, an electronic control unit (B-ECU) 14
that controls the braking force generated by the brakes
8r to 91 is provided. Similar to the MG-ECU 13 as de-
scribed above, the B-ECU 14 is configured of a micro-
computer as a main unit. The B-ECU 14 is configured to
perform computing in accordance with input data and
data and a program that are stored in advance, and out-
put the computing result (e.g. a hydraulic pressure for
braking) to the brakes 8r to 91 as a control command
signal. Further, the B-ECU 14 includes a function as an
anti-lock braking system (ABS). Therefore, detection sig-
nals from the sensors 10r, 101, 11r, 111 that detect the
wheel speeds as described above are input to the B-ECU
14. The ABS calculates a vehicle body speed based on
the wheel speeds of the wheels 5r to 61, calculates the
slip ratios of the wheels 5r to 61 based on a deviation
between the vehicle body speed and the respective
wheel speeds, determines the tendency of locking of the
wheel having the slip ratio that increases when the slip
ratio increases, and reduces the braking force to elimi-
nate the tendency of locking of the wheel, that is, causes
the rotational speed of the wheel to become a target
wheel rotational speed obtained based on the vehicle
body speed. The B-ECU 14 and the MG-ECU 13 are
connected to each other in such a manner that the data
is communicable therebetween so as to transmit the tar-
get wheel rotational speed.
[0023] When a braking request is made by, for exam-
ple, returning the pedal 12 from the depressed state,
while the vehicle 1 is traveling, regenerative braking by
the motor 2 is performed. This is to improve a braking
performance in addition to enhancement of an energy
efficiency by regenerating energy. The braking perform-
ance is improved as a friction coefficient m between the
wheels and a road surface is larger, which reduces a
braking distance. The friction coefficient m changes in
accordance with the slip ratio of the wheel, and a rela-
tionship between the friction coefficient m and the slip
ratio is typically as shown in FIG. 2. Here, the slip ratio
is a value indicating the degree of slippage of the wheel
with respect to the road surface, and the formula is as
follows: slip ratio = {1- (wheel speed/vehicle body speed)}
3 100 (%). As shown in FIG. 2, the friction coefficient m
increases rapidly as the slip ratio increases from zero,
reaches the maximum at a predetermined value S0, and
then gradually decreases as the slip ratio increases.
Therefore, normally, the braking force (or the wheel
speed) is controlled such that the slip ratio falls within a

predetermined range (a range between SO-a and S0+α
in FIG. 2) with the predetermined value SO at which the
friction coefficient m becomes maximum as the center.
The motor 2 that generates the regenerative braking
force can electrically control torque, and thus control re-
sponsiveness of the motor 2 is high. Therefore, in the
embodiment of the present invention, to change the brak-
ing force to follow the friction coefficient m that varies time
to time, the regenerative braking by the motor 2 is per-
formed when a braking request is made, and the braking
force is agilely changed based on the slip ratio (wheel
speed).
[0024] It should be noted that the regenerative braking
force (regenerative torque) that can be generated by the
motor 2 has its limit, and the magnitude of the regener-
ative braking force needs to be changed in accordance
with a change in the slip ratio (wheel speed). The maxi-
mum regenerative force thus cannot be kept generated.
Accordingly, when a required braking force is large, gen-
eration of the required braking force is split to cause the
friction type brakes 8r, 81, 9r, 91 to generate most of the
required braking force, and the motor 2 to generate the
remaining braking force. The portion of the braking force
that is generated by the friction type brakes as described
above corresponds to a basic friction braking force in the
embodiment of the present invention. On the contrary,
when the required braking force is small, the braking by
the brakes 8r, 81, 9r, 91 is basically not performed, and
only the regenerative braking by the motor 2 is performed.
FIG. 3 schematically shows a relationship between a me-
chanical (friction) braking by the friction brakes and the
regenerative braking.
[0025] In the vehicle 1 described above, the regener-
ative braking by the motor 2 is performed by causing the
negative torque (torque in a direction to stop rotations of
the wheels 5r, 51) resulted from the motor 2 functioning
as a power generator to act on the right and left wheels
5r, 51 via the differential gear 4. Therefore, when the
friction coefficient m is different between the right and left
wheels 5r, 51, a differential action is generated by the
differential gear 4, and the regenerative braking force
acts on the wheel 5r (or 51) having a smaller friction co-
efficient m but does not act on the wheel 51 (or 5r) having
a larger friction coefficient m. When such a condition aris-
es, the function as an anti-lock brake using the regener-
ative braking force having a superior responsiveness
cannot be exerted. Therefore, in the embodiment of the
present invention, the vehicle 1 is configured to execute
the control described below to eliminate or suppress an
effect caused by the differential action of the differential
gear 4 to improve the braking performance.
[0026] FIG. 4 is a flowchart for describing an example
of the control, and the flowchart is executed by the MG-
ECU 13 or the B-ECU 14 described above. Therefore,
the ECUs 13 and 14 correspond to the controller in the
embodiment of the present invention. A routine shown in
FIG. 4 is started in the state where the vehicle 1 is
traveling, and first of all, the tendency of locking of the
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wheels is determined (step S1). In other words, the ECU
13 or 14 detects the wheel having the tendency of locking.
[0027] The control executed herein is a control of the
regenerative braking force. The wheels subject to the
determination of the tendency of locking are thus the right
and left paired wheels 5r, 51 that are connected to the
motor 2 via the differential gear 4. That is, the wheels
subject to the determination of the tendency of locking
are drive wheels. Specifically, the determination of the
tendency of locking can be performed by determining
whether the slip ratio is less than a locking determination
value. The slip ratio can be obtained based on the wheel
speed and the vehicle body speed as described above.
The locking determination value may be specified in ad-
vance in terms of design. For example, among the values
that define the range of the slip ratio as shown in FIG. 2,
the upper limit value S0+α may be adopted. Alternatively,
a value that is slightly smaller than or slightly larger than
the upper limit value S0+α may be adopted. Further, the
determination of the tendency of locking may be per-
formed simultaneously in parallel for all the wheels, or
the tendency of locking of the wheels 5r, 51, 6r, 61 may
be determined in order in accordance with a predeter-
mined sequence.
[0028] When a negative determination is made in step
S1 based on that any wheel is not detected to have the
tendency of locking, the routine shown in FIG. 4 is termi-
nated without executing the control. On the contrary,
when a positive determination is made in step S1 based
on that there is the wheel having the tendency of locking,
a base hydraulic pressure and a regeneration amount
are calculated (step S2). The regenerative braking force
is generated by regenerating the energy by the motor 2.
The magnitude of the regenerative braking force is
changed such that the wheel speed due to a change in
the friction coefficient m matches a target wheel speed
(rotational speed). Therefore, a value having a margin of
the change is set as a basic regenerative braking force.
The "basic regenerative braking force" corresponds to a
base braking force in the embodiment of the present in-
vention.
[0029] On the other hand, deceleration that is required
at that time is calculated based on a return angle of the
pedal 12 and the speed of returning, or the depression
angle and a tread force of a brake pedal when the brake
pedal is provided. The braking force generated by the
brakes 8r to 91 (base friction braking force) and its cor-
responding hydraulic pressure can be obtained by sub-
tracting the regenerative braking force (base braking
force) from the braking force that corresponds to the re-
quired deceleration. Accordingly, when the required de-
celeration is small, there may be a case where deceler-
ation that is sufficient and necessary can be performed
only by the regenerative braking force by the motor 2. A
base hydraulic pressure obtained as above, that is, a
brake hydraulic pressure that generates the deceleration
obtained by subtracting the portion of deceleration
achieved by the regenerative braking from the required

deceleration is applied to the brakes 8r to 91.
[0030] The control of the brake hydraulic pressure in
step S2 may be similar to or the same as a normal brake
control. Therefore, the control in step S2 may be execut-
ed by a brake system that is separately provided, and
the brake hydraulic pressure obtained by the separate
brake system may be read in step S2.
[0031] Next, a regenerative ABS control is executed
(step S3). The total braking force of the vehicle 1 is a
sum of the regenerative braking force by the motor 2 and
the braking force by the brakes 8r, 81, 9r, 91, and the
regenerative braking force is controlled so as to change
the total braking force in accordance with the slip ratio.
The reason for the above is that the control responsive-
ness of the motor 2 is superior. That is, the control above
is a control for adjusting the regenerative braking force
in order to control the total braking force to avoid locking
of the wheels. As described above, it is preferable that
the friction coefficient m falls within the range indicated
by the signs SO-a and S0+α in FIG. 2. Therefore, the
slip ratio is controlled such that the friction coefficient m
falls within the range. Accordingly, the target wheel rota-
tional speed is set to a rotational speed at which the slip
ratio of the corresponding wheel falls within the range
above, and the rotational speed of the wheel and the
braking force are controlled to achieve the target wheel
rotational speed.
[0032] The slip ratio is calculated based on the wheel
speed and the vehicle body speed as described above,
and the wheel speed changes in accordance with the
braking force. The braking force is thus controlled such
that the slip ratio falls within the range above. In the re-
generative ABS control, the control of the braking force
as described above is executed by controlling the regen-
erative braking force by the motor 2, that is, the negative
torque by the motor 2. The target wheel speed based on
the braking request is calculated based on the vehicle
body speed at the time when the braking request is made
and the target slip ratio. A motor rotational speed corre-
sponding to the target wheel speed (target MG rotational
speed) is calculated based on the wheel speed and a
reduction ratio between the motor 2 and the wheels 5r,
51. In step S3, the target MG rotational speed is calcu-
lated as described above. A feedback control (FB control)
such as a PID control is executed on the motor 2 such
that the actual rotational speed matches the target MG
rotational speed. The control above changes the torque
and the rotational speed of the motor 2, and the base
regeneration amount set in step S2 above is corrected
in the feedback (FB) control.
[0033] Further, an estimated value of a wheel speed
difference D between the right and left wheels (step S4).
A wheel speed deviation between the right and left
wheels 5r, 51 is generated by a difference between the
inner wheel and the outer wheel when the vehicle 1 is
making a turn, in addition to a difference in the slip ratio
between the right and left wheels 5r, 51. The wheel speed
difference D between the right and left wheels is calcu-
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lated in step S4 to avoid an effect by the wheel speed
difference D caused by the difference between the inner
and outer wheels. The wheel speed difference D between
the right and left wheels is caused because a turning
radius of each of the wheels 5r, 51 when the vehicle 1 is
making a turn is different from each other. The wheel
speed difference D between the right and left wheels can
thus be obtained based on a steering angle and the ve-
hicle speed at that time. In this case, in a four-wheel steer-
ing vehicle in which the steering angle can be changed
between the front wheels and the rear wheels, the turning
radius of each wheel is obtained using the steering angle
of the front wheels and the steering angle of the rear
wheels, and the wheel speed difference D is estimated
(calculated) based on the obtained turning radius and
the vehicle speed. Therefore, when a steering operation
is not performed, the wheel speed difference D is "0".
Note that, calculation of the estimated value of the wheel
speed difference D between the right and left wheels may
not necessarily be performed continuously after step S3
above. The data calculated by other control system such
as a steering control system and an anti-lock system may
be read, and such reading of data may be performed
sequentially to use the read data on an as-needed basis.
[0034] Whether the rotational speed of any of the
wheels increases in accordance with execution of the
regenerative ABS control in step S3 is determined (step
S5). In the vehicle 1 shown in FIG. 1, the right and left
wheels 5r, 51 that receive torque from the motor 2 are
connected via the differential gear 4 that is the differential
mechanism. Therefore, when the rotational speed of one
wheel 5r (or 51) decreases while the vehicle 1 is traveling,
the rotational speed of the other wheel 51 (or 5r) increas-
es. The reason for the above is that the differential gear
4 is a mechanism in which an average value of the right
and left output rotational speeds is used as an input ro-
tational speed. Therefore, in step S5, a determination is
made whether the wheel rotational speed of each of the
wheels 5r, 51 that are connected to the motor 2 is higher
than a rotational speed obtained by adding a half (D/2)
of the wheel speed difference D described above to a
wheel shaft rotational speed of the motor (MG) 2. The
wheel shaft rotational speed is an MG wheel shaft rota-
tional speed that is determined based on the rotational
speed of the motor 2 and the reduction ratio between the
motor 2 and wheels 5r, 51. Accordingly, in step S5, a
determination is made whether the wheel shaft rotational
speed is higher than the wheel shaft rotational speed of
the motor (MG) 2 because the wheel speed difference D
between the right and left wheels is "0" when the vehicle
1 is traveling straight.
[0035] For example, when the friction coefficient m de-
creases on the left wheel 51 side, the torque that rotates
the wheel by the inertia force generated by the vehicle 1
traveling decreases for the left wheel 51. The rotational
speed of the left wheel 51 decreases due to the regen-
erative braking force and the braking force (friction brak-
ing force). In this case, the left wheel 51 side generates

more regenerative braking force as the rotational speed
of the left wheel 51 decreases, and thus the regenerative
braking force on the right wheel 5r side decreases be-
cause the regenerative braking force is split and trans-
ferred to the right and left wheels 5r, 51 via the differential
gear 4. As a result, because the entire braking force of
the right wheel 5r decreases, the right wheel 5r is further
rotated by the inertia force of the vehicle 1, and the rota-
tional speed of the right wheel 5r increases. The state
similar to the above also arises when the rotational speed
of the right wheel 5r decreases. In this case, the rotational
speed of the left wheel 51 increases. In step S5, whether
the state as described above arises is determined. The
determination above may be made, instead of determin-
ing whether the wheel rotational speed is larger than the
MG wheel shaft rotational speed, by determining whether
a difference between the wheel rotational speed and the
MG wheel shaft rotational speed is larger than a refer-
ence value.
[0036] When the positive determination is made in step
S5, the hydraulic ABS control for each wheel is started
(step S6). The hydraulic ABS control is an anti-lock brake
control by the friction type brakes 8r to 91, and controls
the braking force of the brakes 8r to 91, that is, the hy-
draulic pressure such that the rotational speed of the tar-
get wheel matches the target wheel rotational speed. The
target wheel herein is a wheel having the regenerative
braking force that decreases due to the differential action
by the differential gear 4 (or to which the regenerative
braking force is not distributed), and is any one of the
paired wheels 5r, 51 that are connected to each other
via the differential gear 4. In other words, the target wheel
is a wheel on which the regenerative braking force does
not act due to an effect of the differential action of the
differential gear 4, and corresponds to "other wheel" in
the embodiment of the present invention. FIG. 5 sche-
matically shows the above. While braking, the left wheel
51 runs on a road surface R1 having a small friction co-
efficient m, such as a compacted snow road, and the right
wheel 5r runs on a road surface R2 having a larger friction
coefficient m than that of the left wheel 51. As a result,
when the rotational speed of the left wheel 51 decreases
and thus the left wheel 51 has so-called tendency of lock-
ing, the hydraulic ABS control above is executed on the
brake 8r of the right wheel 5r that forms a pair with the
left wheel 51.
[0037] The target wheel rotational speed of each of the
wheels 5r, 51 in the state where braking is performed
using the motor 2 and the brakes 8r to 91 is determined
based on the vehicle body speed and the target friction
coefficient m. The target wheel rotational speed may be
the MG wheel shaft rotational speed described above.
Therefore, in step S5, the hydraulic pressure of the brake
provided for the wheel having the rotational speed above
being higher than the MG wheel shaft rotational speed
is controlled through the feedback control (FB control;
PID control for example) such that the rotational speed
of the wheel matches the MG wheel shaft rotational
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speed. As a result, when the slip ratio increases and it is
determined that there is the tendency of locking, the brak-
ing force of the brake provided for the other wheel that
forms via the differential gear 4 a pair with the wheel of
which tendency of locking is determined is changed so
as to reduce or eliminate the tendency of locking.
[0038] It is determined whether the regenerative ABS
control and the hydraulic ABS control described above
are executed for all of the wheels 5r, 51 that are connect-
ed to the motor 2 via the differential gear 4 (step S7).
Step S7 is a control step that assumes the case where
there is a plurality of the wheels having the tendency of
locking. The plurality of wheels may have the tendency
of locking depending on the configuration of the vehicle
1. When the negative determination is made in step S7,
the routine returns to step S5 described above, and the
controls in step S5 and step S6 are executed. When the
positive determination is made in step S7, on the contra-
ry, the routine returns. When the negative determination
is made in step S5 described above, the routine proceeds
to step S7 to make a determination on the rotational
speed of the other wheel. In this case, when the wheel
of which rotational speed is determined in step S4 is the
last wheel for determining the rotational speed, the pos-
itive determination is made in step S7. Therefore, the
routine shown in FIG. 4 is terminated.
[0039] The result of simulation performed to confirm
the actions and effects of the embodiment of the present
invention will be described. The motor rotational speed
(MG rotational speed), the wheel speed, the vehicle body
speed, the braking torque, the brake torque by the friction
brakes, and a moving distance (braking distance) from
the start of braking to the stop of the vehicle 1 are meas-
ured for the case where the right and left road surfaces
have the same friction coefficient m and the case where
the right and left road surfaces have different friction co-
efficients m from each other. In FIGS. 6, 7, and 8 below,
the base friction brake torque is omitted and is set to "0".
[0040] FIG. 6 shows an example of the case where the
braking is performed on a road surface having the friction
coefficient m that is small and uniform, similar to that on
an iced road, and shows only the regenerative braking
because the required deceleration is not particularly
large. In FIG. 6, a braking request is made at the time
point t0 by returning the pedal 12 from the depressed
state, etc., and the rotational speed of the motor 2 (MG
rotational speed) decreases in accordance with the brak-
ing request. In other words, the regenerative braking
force is generated by the motor 2 and the rotational
speeds of the right and left wheels 5r, 51 temporarily
decrease. The rotational speeds are then maintained so
as to avoid locking. Therefore, the MG rotational speed
and the wheel speeds of the right and left wheels 5r, 51
are maintained to be lower than the vehicle body speed
to some extent and gradually decrease in a manner sim-
ilar to the vehicle body speed.
[0041] An actual torque (braking torque) in this process
is not as small (is not large in a negative direction) as the

torque required by the pedal operation (accelerator re-
quired torque) because the friction coefficient m of the
road surface is small, and is maintained to be a small
torque to the extent that locking of wheels does not occur
(small torque in the negative direction). Further, the fric-
tion coefficient m is the same between the right and left
sides of the vehicle 1, and the friction coefficient m is
small. Therefore, the braking torque (brake torque) of the
brakes 8r, 81 is zero. That is, the braking by the brakes
8r, 81 is not performed. As described above, the regen-
erative ABS control by the motor 2 is executed, and the
vehicle body speed becomes zero at the time point tl,
which stops the vehicle 1. The brake torque is increased
up to a predetermined upper limit value so as to maintain
the state where the vehicle 1 is stopped. The distance
from the start of braking to the stop of the vehicle 1 (brak-
ing distance) is L meters.
[0042] FIG. 7 shows an example of the case where
one of the right and left paired wheels 5r, 51 (for example,
the right wheel 5r) runs on the compacted snow road,
the other wheel (for example, the left wheel 51) runs on
the iced road having a smaller friction coefficient m than
that of the compacted snow road, and braking is per-
formed in the state where the right and left friction coef-
ficients m are different from each other and the brake
control to eliminate or suppress the effect by the differ-
ential action of the differential gear 4 is not executed dur-
ing the braking. Therefore, FIG. 7 shows a comparative
example.
[0043] In FIG. 7, a braking request is made by the pedal
12 returning from the depressed state, etc. at the time
point t10 while the vehicle is traveling, the motor 2 func-
tions as the generator and generates the regenerative
braking. That is, similar to the example shown in FIG. 6
described above, the rotational speeds of the motor 2
and the right and left wheels 5r, 51 are maintained to be
lower than the vehicle body speed after temporarily great-
ly decreasing, and then gradually decrease together with
the vehicle body speed. In that case, the torque that is
rotated by the inertia force of the vehicle 1 becomes
smaller for the left wheel 51 having a small friction coef-
ficient m. Therefore, the rotational speed of the left wheel
51 becomes smaller than that of the right wheel 5r. That
is, the left wheel 51 has the tendency of locking. The
regenerative braking force by the motor 2 does not act
on the right wheel 5r due to the differential action of the
differential gear 4, and the rotational speed of the right
wheel 5r changes in synchronization with the vehicle
body speed. The rotational speed of the motor 2 (wheel
shaft rotational speed) gradually decreases in accord-
ance with a decrease in the vehicle body speed while
maintaining a value of the rotational speed between the
wheel speeds of the right and left wheels. Therefore, a
tendency of decrease is similar to that of the normal con-
dition shown in FIG. 6.
[0044] When the vehicle body speed approaches zero,
the wheel speed of the left wheel 51 becomes zero prior
to that. Because the vehicle body speed is still generated
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at that time, the motor 2 is controlled in a direction to
increase the regenerative braking force. As a result, the
left wheel 51 rotates in a reverse direction, and the wheel
speed of the right wheel 5r increases in accordance with
the reverse rotation of the left wheel 51. A so-called tem-
porary disturbance of the wheel speed occurs and then
the vehicle body speed is reduced to zero (at the time
point t11), which stops the vehicle 1. The brake torque
is increased up to the predetermined upper limit so as to
maintain the state where the vehicle 1 is stopped. The
distance from the start of braking to the stop of the vehicle
1 (i.e. braking distance) is L meters. The accelerator re-
quired torque, the actual torque, and the brake torque of
the brakes 8r, 81 provided for the wheels 5r, 51, respec-
tively, are similar to those shown in the example of FIG.
6. As a result, in the comparative example shown in FIG.
7, even if the regenerative ABS control is executed, the
regenerative braking force by the motor 2 does not act
on the wheel 5r having a larger friction coefficient m due
to the differential action of the differential gear 4. There-
fore, the braking distance is not reduced.
[0045] FIG. 8 shows an example of the embodiment
of the present invention. Note that, in FIG. 8, a line indi-
cating the wheel speed of the right wheel 5r and a line
indicating the wheel speed of the left wheel 51 are drawn
separately from each other to avoid the lines to overlap
each other, making the lines difficult to view. The friction
coefficient m of the road surface in the example of FIG.
8 is similar to that in the example shown in FIG. 7. One
of the right and left paired wheels 5r, 51 (for example,
the right wheel 5r) runs on the compacted snow road,
and the other wheel (for example, the left wheel 51) runs
on the ice road, for example, having a smaller friction
coefficient m than that of the compacted snow road. The
friction coefficients m of the right and left wheels are dif-
ferent from each other. When a braking request is made
while the vehicle 1 is traveling on the road surface de-
scribed above, the motor 2 enters a regenerative state
and generates the braking torque (at the time point t20).
As a result, the right and left wheel speeds decrease.
However, because the friction coefficient m is small on
the left wheel 51 side, the wheel speed of the left wheel
51 greatly decreases. That is, the left wheel 51 has the
tendency of locking. Along with the above, the wheel
speed of the right wheel 5r having a larger friction coef-
ficient m than that of the left wheel 51 becomes larger
than that of the left wheel 51 due to the differential action
of the differential gear 4. That is, the regenerative braking
force does not act on the right wheel 5r, or the regener-
ative braking force of the right wheel 5r becomes small.
[0046] The control device in the embodiment of the
present invention executes the hydraulic ABS control on
each of the wheels 5r, 51, as described with reference
to FIG. 4. Therefore, when the wheel speed of the right
wheel 5r increases as described above, the hydraulic
ABS control is executed on the right wheel 5r. The hy-
draulic ABS control is a control to change the braking
force such that the rotational speed of the wheel matches

the target wheel rotational speed. As described above,
when the left wheel 51 has the tendency of locking and
the rotational speed (wheel speed) of the right wheel 5r
becomes larger than the target wheel rotational speed,
the braking force (hydraulic pressure) of the brake 8r is
increased so as to reduce the rotational speed of the right
wheel 5r. As shown in FIG. 8, the brake torque of the
right wheel 5r is increased while the brake torque of the
left wheel 51 is maintained to be zero. The control above
is feedback control (FB control) of a brake hydraulic pres-
sure with a difference between the actual rotational
speed and the target wheel rotational speed of the right
wheel 5r as a control deviation.
[0047] The hydraulic ABS control for the wheel having
a larger friction coefficient m (right wheel 5r) is executed
when it is determined that the wheel having a smaller
friction coefficient m (left wheel 51) has the tendency of
locking, and further, the hydraulic ABS control is a hy-
draulic control. Therefore, the rotational speed of the right
wheel 5r is decreased with a delay from a decrease in
the wheel speed of the left wheel 51 (determination on
the tendency of locking). The regenerative braking force
then starts to be applied to the right wheel 5r of which
rotational speed is decreased, and the regenerative brak-
ing force applied to the left wheel 51 is reduced in ac-
cordance with the above. Therefore, the rotational speed
of the left wheel 51 increases, which eliminates the ten-
dency of locking.
[0048] As described above, when the hydraulic ABS
control is executed on the wheel to which the regenera-
tive braking force is not applied due to an effect by the
differential action of the differential gear 4, the brake
torque from the hydraulic ABS control affects the wheel
speeds and the regenerative braking force of the right
and left wheels 5r, 51, and the rotational speeds of the
wheels 5r, 51 slightly and repeatedly change. Therefore,
in FIG. 8, the line indicating each of the wheel speeds is
shown as a wide wavy line, and the wheel speed pulsates
within the width range of the wide line. Note that, in FIG.
8, the state of pulsation is shown by lines with a wider
pitch in order to avoid hiding the line indicating the MG
rotational speed. As can be seen from FIG. 8, the wheel
speed of the right wheel 5r changes with a delay of about
a half interval Dt with respect to the change of the wheel
speed of the left wheel 51 having a smaller friction coef-
ficient m.
[0049] As described above, the hydraulic ABS control
is the feedback control with the rotational deviation as
the control deviation. Therefore, the hydraulic pressure
repeatedly changes up and down. Accordingly, the actual
torque (braking torque) as the entire vehicle 1 including
the braking force by the brake 8r that is hydraulically con-
trolled slightly and repeatedly changes as shown by the
wide and wavy line in FIG. 8.
[0050] The tendency of locking of the wheel having a
smaller friction coefficient m (left wheel 51) is reduced or
eliminated by executing the hydraulic ABS control on the
wheel (right wheel 5r) of which rotational speed (wheel
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speed) increases due to the differential action of the dif-
ferential gear 4, as described above. As a result, the fric-
tion coefficient m of the right wheel 5r increases as the
slip ratio is reduced. At the same time, the slip ratio of
the right wheel 5r, which has been reduced as the rota-
tional speed increases, increases by reducing the rota-
tional speed (wheel speed) toward the target wheel ro-
tational speed, and the friction coefficient m increases
toward the maximum value in accordance with the in-
crease in the slip ratio. As descried above, the braking
force is controlled such that the friction coefficient m be-
tween the road surface and the right and left wheels 5r,
51 increases as much as possible. Therefore, the moving
distance (braking distance) from the time when the ve-
hicle body speed becomes zero to the time when the
vehicle 1 stops (at the time point t21) is significantly re-
duced, that is, reduced to about a half (L/2), compared
to the braking distance L in the normal operation shown
in FIG. 6 or the braking distance L in the case where the
control in the embodiment of the present invention is not
executed.
[0051] The present invention is not limited to the em-
bodiment described above, and the vehicle of the present
invention may be a hybrid vehicle including an internal
combustion engine and a motor (motor-generator) as the
driving force source, or may be a vehicle including the
internal combustion engine as the driving force source.
Further, the braking force generator connected to the
right and left wheels via the differential mechanism may
be a power generator that is provided for the purpose of
energy regeneration only, or may be a device that gen-
erates the braking force without regenerating energy, in
addition to the motor-generator that generates the driving
force to cause the vehicle to travel. Further, the differen-
tial mechanism may be any other gear mechanism hav-
ing other configurations, such as a planetary gear mech-
anism, in addition to the gear mechanism in which a pin-
ion gear is interposed between a right and left pair of side
gears and meshes with the side gears. Furthermore, the
vehicle to which the present invention applies may be a
four-wheel-drive (all-wheel-drive) vehicle in which the
driving force source having an energy regeneration func-
tion is connected to the differential gears on the right and
left sides at the front and the rear of the vehicle by trans-
fers having the differential action. The control device of
the present invention may be configured to control the
braking force or the rotational speed of either of the front
or rear wheels using the friction brakes so as to suppress
an effect by the differential action of the transfer.

Claims

1. A braking control device of a vehicle (1) in which a
braking force generator (2) that generates a braking
force that acts in a direction to reduce a rotation of
a plurality of wheels is connected to a differential
mechanism (4) to which the plurality of wheels is

connected, and a friction brake that generates a
braking force that acts in a direction to stop the ro-
tation of the wheels through friction is provided for
each of the wheels, the braking control device com-
prising
a controller (13, 14) configured to control the braking
force that is generated by the braking force generator
(2) and the braking force that is generated by the
friction brake, wherein
the controller (13, 14) is configured to:

detect the wheel having a tendency of locking
in which a slip ratio is larger than a predeter-
mined determination value in a state where the
braking force is transmitted to each of the wheels
from the braking force generator (2) via the dif-
ferential mechanism (4); and
reduce the tendency of locking by changing the
braking force of the friction brake that is provided
for the other wheel connected to the differential
mechanism (4) to which the wheel having the
tendency of locking is connected.

2. The braking control device according to claim 1,
wherein the controller (13, 14)
is configured to:

obtain a target wheel rotational speed of the oth-
er wheel; and
control the braking force applied to the other
wheel by the friction brake that is provided for
the other wheel such that a rotational speed of
the other wheel matches the target wheel rota-
tional speed.

3. The braking control device according to claim 2,
wherein when the vehicle (1) is making a turn, the
target wheel rotational speed is a rotational speed
including a value that is a half of a right and left wheel
speed difference obtained based on a steering angle
and a vehicle speed of the vehicle (1).

4. The braking control device according to claim 2 or
3, wherein the target wheel rotational speed of the
other wheel is a rotational speed at which the slip
ratio of the other wheel takes a value within a pre-
determined range.

5. The braking control device according to any one of
claims 1 to 4, wherein the braking force generator
(2) is an energy regenerator that generates negative
torque by regenerating an energy as the braking
force.

6. The braking control device according to any one of
claims 1 to 5, wherein the controller (13, 14) is con-
figured to:
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obtain, when a deceleration request is made, a
base friction braking force that is required to be
generated by the friction brake by subtracting a
predetermined base braking force to be gener-
ated by the braking force generator (2) from a
required deceleration of the deceleration re-
quest;
obtain a target rotational speed of the braking
force generator (2) that corresponds to a target
wheel speed during braking based on the decel-
eration request; and
correct the base braking force such that a rota-
tional speed of the braking force generator (2)
matches the target rotational speed.

7. The braking control device according to claim 6,
wherein the controller (13, 14) is configured to con-
trol, when a wheel speed of one of the wheels con-
nected to the differential mechanism (4) increases
in excess by a predetermined value or more from a
wheel speed that corresponds to a target wheel ro-
tational speed in accordance with the correction of
the base braking force, the braking force of the fric-
tion brake that is provided for the one of the wheels
such that the wheel speed of the one of the wheels
matches a wheel speed that corresponds to the tar-
get wheel rotational speed.
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